Uptake of metal ions by plant roots is a function of the type and concentration of metal in the soil, the nutrient biochemistry of the plant, and the immediate environment of the root. Uptake of gold (Au) is known to be sensitive to soil pH for many species. Soil acidification due to acid precipitation following volcanic eruptions can dramatically increase Au uptake by trees. Identification of high Au content in tree rings in dendrochronologically-dated, overlapping sequences of trees allows the identification of temporally-conscribed, volcanically-influenced periods of environmental change. Ion uptake, specifically determination of trace amounts of gold, was performed for dendrochronologically-dated tree samples utilizing Neutron Activation Analysis (NAA) technique. The concentration of gold was correlated with known environmental changes, e.g. volcanic activities, during historic periods. Several thousand wood samples were scanned initially for gold. After this initial measurement, samples containing elevated levels of gold were analyzed again for short and long half-life elements, e.g. silver, copper, etc., to investigate other elemental signatures of environmental change using a Compton suppressed NAA system. The samples are activated at 1 MW Breazeale Nuclear Reactor and are counted at newly established NAA laboratory at Penn State. The Malcolm and Carolyn Wiener Laboratory for Aegean and Near Eastern Dendrochronology at Cornell University has archived over 40,000 individually-dated wood samples with 4.5 million rings. These samples span the period from 7000 BC to the present. Most of the dendrochronogicaly-dated samples present at the Wiener Laboratory were available for this project. Using samples already collected and dated and the NAA technique we planned to define periods of global environmental stress during the past six thousand years and deduce environmental and climatic history from the measured data. This will provide modelers with a much-needed extended timeline. This project was the first coordinated dendrochemical study of a period longer than one hundred years and the first study in the archaeologically important eastern Mediterranean. 
Four graduate students worked on this project. One already completed her Master of Science degree and passed the candidacy and comprehensive exam and completed her PhD thesis on May 2008. The other student is completed her Master of Science degree and graduated May 2008. Two other graduate students are currently working on this project. One already completed his Master of Science degree the other one expected to complete her Master of Science degree during Fall 2009. Several manuscripts are published and/or submitted for publication in refereed journals and conference proceedings. A no cost extension was granted for this proposal until December 2008. This report is a compilation of tree progress reports submitted for each project year. Results and Discussions related to each year of activities are given in the text and conclusions as well as MSc and PhD programs related to this project is listed. A full listing of publications related to this project is also given at the end of this report.
Introduction
The suitability of Neutron Activation Analysis (NAA) for dendrochemical analysis depends not only on the accuracy of the results but also on the efficient quantification of isotopes or elements that are good recorders of environmental events in tree-rings. Although no unique volcanic signal has been identified in tree-rings, certain isotopes or elements have been deemed promising by some researchers as environmental markers. For instance, Pearson et al. (2006) found a correlation between an increase in Mn concentration and the eruption of Tambora in 1815. There has also been an indication that Au may be environmentally significant.
The results obtained during this reporting period using a variety of irradiation schedules will be discussed with an emphasis on the applicability of the identified isotopes to environmental monitoring. This discussion will also include the advantages and disadvantages of each irradiation schedule and the necessary steps in the experimental work itself.
Tree-ring analysis with NAA: Irradiation Schemes, Results and Discussions
Three major irradiation and counting schemes have been employed for analyzing tree-rings with NAA. Each scheme is designed for identifying isotopes with a different range of half-lives.
Certain isotopes or elements are observed in order to identify promising environmental markers.
The results obtained using a variety of irradiation schedules will be discussed with an emphasis on the applicability of the identified isotopes to environmental monitoring. This discussion will also include the advantages and disadvantages of each irradiation schedule and the necessary steps in the experimental work itself. Irradiation schemes utilizing the Dry Irradiation Tubes (DIT) will be described first followed by short irradiations with the Pneumatic Transfer System (PTS). A summary of results obtained from each irradiation schemes will briefly be discussed.
Irradiation in the Dry Irradiation Tubes
Much of the work completed for the dendrochemistry project has focused on quantifying gold in tree-rings with irradiations suited to identify the 198 Au isotope which has a 2.7 day half-life.
Following this goal, four sets of tree-ring samples each over 300 years in length have been analyzed for the dendrochemistry project according to the following method. Tree samples were cut into individual rings (after having been dated to the year by conventional dendrochronological methods) and were irradiated in batches of 40 tree-rings for 4 Megawatt hours in the Breazeale Nuclear Reactor (BNR) core. The thermal and epithermal fluxes in the BNR core are approximately 1.7 × 10 13 n/cm 2 /s and 6 × 10 11 n/cm 2 /s, respectively. Each batch was allowed to decay overnight and then each tree-ring was counted for one hour. This procedure allowed for the identification of 24 Na, 42 K, 56 Mn, 82 Br, 69 Zn, 140 La, and 198 Au. In one tree La was not detected consistently because it was present at or below the detection limits and Au was near the detection limits in all trees. Mn was detected but has a short enough half-life (2.6 hrs) that it had decayed away before the counting of each batch of samples was completed.
All other elements (Na, K, Br and Zn) were quantified well above the detection limits. The treering samples analyzed in this way and the average concentration results are provided in Table 1 .
The concentration values are in parts-per-million except where specified otherwise. The values in parenthesis are the number of rings that had been identified for each element and were used as part of the calculation of the average.
Gold behaved in a unique manner compared to the other elements listed in Table 1 . Au showed no anomaly at the heartwood boundary (HWB) and has large peaks in single tree-rings. In most cases the other identified elements had either peaks or increases in the continuum level at the HWB. Au concentrations observed are shown in Fig. 1 for four different samples analyzed. The next step in the dendrochemistry project was the analysis of four small tree samples (30-60 years in length) from the Çatacık forest in Turkey. The period of analysis, which covered at least the years 1980-2002. The four Çatacık tree samples (C-TU-CAT32, C-TU-CAT21, C-TU-CAT16 and C-TU-CAT28) were analyzed according to the procedure above except for the following changes. It was found that the isotope with the most interesting chronologies, Au, was being detected at or near the minimum detectable concentration (MDC). Accordingly, the batch sizes were reduced to approximately 30 samples and each tree-ring was counted for 2 hours.
This was sufficient for reliably recovering gold in most tree-rings and with better statistical accuracy. Doing so also decreased the La detection limits so that it could be more reliably identified. Mn-56 has a short enough half-life that it had decayed away before the samples were done being counted. To make up for this, all samples were counted for 15 minutes each prior to starting the 2-hour counts.
The four tree samples that were analyzed from the Çatacık forest are listed in Table 2 . A typical gamma spectrum for two sample analyzed is shown in Fig. 2 . The first tree sample analyzed was C-TU-CAT32 without the new irradiation procedure standards and the initial results of this tree sample led to the implementation of the new procedure. Tree Sample  C-TU-CAT32  C-TU-CAT21  C-TU-CAT16  C-TU-CAT28   Years Analyzed 1940-2002 1969-2002 1972-2002 1971-2002 Fig. 2 . Typical gamma spectrum from C-TU-CAT32C (1995) and C-CY-RVA5 (1993) Tree ring samples for long irradiation and 1 hr count after 24 hours of decay.
Large peaks in Au concentration were observed and each ring was reanalyzed with the new procedure to check the reproducibility of the gold peaks. The remaining three samples were analyzed with the new procedure described above. Tree Sample C-TU-CAT16 was divided in half lengthwise and each piece was cut into individual rings and analyzed separately. The results in Table 2 for C-TU-CAT16 are the average of the results from the two sections and the results for C-TU-CAT32C represent the average of the results from the first and second irradiations.
At a later time, each of the tree-rings from C-TU-CAT32 and C-TU-CAT21 was recounted for one day each. Although this process was extremely time consuming (7 samples The concentrations of these long-lived isotopes in C-TU-CAT32 and C-TU-CAT21 are presented in Table 3 . The Ag and Au concentrations in C-TU-CAT32 were correlated with each other. Ag and Au are the only elements that had the sharp peaks above the level of their continua. It was hypothesized that the unique noble metal characteristics of these elements made them suitable for documenting events in the life of the tree. In particular, the Ag and Au compositions may have been documenting the severity of environmental effects such as volcanic activity and/or Mediterranean dust storms, another candidate for such an effect on a tree. Table 4 .
Ag was considered the most promising element that could be identified using short irradiations.
108 Ag has a convenient half-life (2.37 m) and based on previous results appears to be climatically significant. Ag was identified in tree sample C-CY-RVA5 although there are many missing values (evidently due to decreasing concentration towards the center of the tree) at years earlier than about 1965. Most of the identified elements are relatively constant between 1865 and the bark, neglecting variability. The heaviest isotope identified was 128 I, which exhibited larger ring-to-ring variability than the other isotopes and is lacking the strong 1929 anomaly evident in many of the other elements.
It was also possible to measure the concentration of S which may be available to trees in greater amounts during acidic events. If the S concentration in tree-rings is found to reliably record the availability of S to the tree, it may be possible to differentiate between types of environmental events. The data would be similar to that obtained by from the S composition analysis of ice cores. Volcanic eruptions tend to release large amount of S gases and aerosols which are washed out of the atmosphere as acid rain. This may cause high solubility of metals and therefore greater availability to the tree. Extended acidification may also cause leaching and depletion of these metals in the soil. The dry deposition of dust may result in a greater availability of metals due to direct fallout with less of a S signal than for a volcanic eruption. Correlation studies may be important for comparing the S concentration or S buildup in the tree to concentrations of other elements.
In some tree-rings the amount of S in the wood was only slightly higher than the total amount of S in the polyethylene vial and the tree-ring sample. The variation of S in the blank vials contributed errors to the S concentration in the tree-rings. It may be possible to create better reliability in detecting S by reducing the vials' size or extending the counting time.
Comparison of Irradiation Schemes
A comparison of each of the irradiation schemes used, their time requirements and isotopic data obtained is provided in Table 5 . Due to the smaller time constraints, flexible scheduling and wealth of data obtained, short irradiations in the PTS were selected as the preferred irradiation scheme. It is not necessary to allow for time to count 20-30 samples between irradiations, thereby making it easier to schedule reactor time. Another advantage of the short irradiations is the lower amount of radioactivity created. The longer irradiations in the DITs (discussed below) activated long-lived isotopes such as 60 Co in the wood. The activity of the samples was small but easily measurable after several months. However, the longest-lived isotopes activated in the PTS were K and Na (14 and 13 hours respectively). This made the samples suitable for noncontrolled storage within a couple of days. If all of the irradiation schemes are to be completed to achieve the full range of isotopic data available with NAA, it is advisable to begin analysis of samples with the short irradiations.
Radio-chemical changes may be taking place during the long irradiations. For instance, Al-28 goes through more than 100 half-lives during a 4 hour irradiation. In addition, samples are less radioactive after the short irradiations and easier to prepare for subsequent irradiations.
The major problem seen with the short irradiations is the variability in the data. For most isotopes the concentration errors are expected to be about 25% at one standard deviation. This is slightly worse than the errors in the longer irradiations which were within 15-20% for most isotopes. It is believed that some of these errors come from changes in sample height and therefore changes in the γ-ray detection efficiency. The height of each sample in its vial is dependent on the mass of the tree-ring sample and the size of the wood shavings.
If each wood sample had the same height in the vial, the concentrations would be off by a constant factor since an efficiency calibration for the bottom of the vial was used. However, variations in the height of the wood will introduce relative errors between samples. Error due to the efficiency variations could be eliminated by considering the ratio of elements in each tree ring. O concentration may serve as an appropriate comparison element for calculating ratios.
Measuring the height of each sample and adjusting the efficiency calibration appropriately may eliminate some errors. 
Measurements with Penn State Compton Suppression System
The Penn Sate Compton suppression spectrometer (CSS) system consists of a high-purity germanium detector used as the primary detector, i.e. the central detector, NaI(Tl) detectors as the secondary detectors, i.e. the guard and the plug detectors, lead shield, measurement electronics, data acquisition device, a personal computer and the spectroscopy software Genie-2000 from Canberra Technologies, Inc. Compton Suppression Systems are used to reduce the contribution of scattered gamma rays that originate within the HPGe detector to the gamma ray spectrum. The HPGe detector is surrounded by an assembly of guard detectors, usually NaI(Tl).
The HPGe and NaI(Tl) detectors are operated in anti-coincidence mode. The NaI(Tl) guard detector detects the photons that Compton scatter within, and subsequently escape from the HPGe detector. Since these photons are correlated with the partial energy deposition within the detector, much of the resulting Compton continuum can be subtracted from the spectrum reducing the unwanted background in gamma ray spectra. A commercially available Compton Suppression Spectrometer (CSS) was purchased from Canberra Industries and tested at the Radiation Science and Engineering Center at Penn State University. The PSU-CSS includes a reverse bias HPGe detector, four annulus NaI(Tl) detectors, a NaI(Tl) plug detector, detector shields, data acquisition electronics, and a data processing computer with Genie-2000 Gamma Spectrum Analysis software. The HPGe detector is n-type with 54 % efficiency. The guard detectors are on an annulus with 9-inch diameter and 9-inch height, plug detector that goes into/out of the annulus with the help of a special lift apparatus to raise/lower. The detector assembly is placed in a shielding cave. State-of-the-art electronics and software are used. Fig. 4 shows a picture of the Penn State Compton suppression spectrometer with the measurement electronics.
Fig. 4. A picture of Penn State Compton Suppression System
Four photomultiplier tubes that are connected to the NaI(Tl) crystals that form an annulus detection volume around the HPGe detector as well as the plug detector -also NaI(Tl) can be seen in Fig. 5 , which shows the interior of the spectrometer. The cylindrical enclosure has lead shields with copper lining. Dendrochemistry, or the study of tree-ring composition, is a promising new technique for reconstructing climate history with annual resolution. In particular, dendrochemistry may be useful for identifying periods of volcanic activity. Increased environmental acidity caused by sulfur released from volcanoes can cause greater availability of metals in the soil solution and increased uptake by trees. Neutron Activation Analysis is one of the preferred analysis methods for studying the composition of tree-rings. However, easily activated constituents such as Mn and Al may make it difficult to identify trace elements in the tree-rings with relatively small cross-sections for neutron capture. Dendrochemistry work already performed at the Radiation Science and Engineering Center at the Pennsylvania State University in conjunction with the Malcolm and Carolyn Wiener Laboratory for Aegean and Near Eastern Dendrochronology at Cornell University will be reviewed. This progress report then considers the potential advantages of using long or short irradiations to perform analysis on tree-rings and extract as much useful information as possible. Focus will be placed on elements such as Ag, Au and some rare earth elements (REE) which currently appear to be promising indicators of environmental events. The advantages of using a Compton Suppression System will be discussed for each irradiation scenario and the possibility of using combustion or separation techniques to isolate elements of interest will be considered. Recommended procedures for using NAA to determine the composition of tree-rings will be outlined.
Introduction
The suitability of Neutron Activation Analysis (NAA) for dendrochemical analysis depends not only on the accuracy of the results but on the efficient quantification of isotopes or elements that are good recorders of environmental events in tree-rings. Although no unique volcanic signal has been identified in tree-rings, certain isotopes or elements have been deemed promising by some researchers as environmental markers. For instance, Pearson et al. (2006) found a correlation between an increase in Mn concentration and the eruption of Tambora in 1815. 1 There has also been an indication that Au may be environmentally significant.
2
The results obtained using a variety of irradiation schedules will be discussed with an emphasis on the applicability of the identified isotopes to environmental monitoring. This discussion will also include the advantages and disadvantages of each irradiation schedule and the necessary steps in the experimental work itself.
Experimental
The dendrochemistry project at The Pennsylvania State University is an ongoing collaboration between the Radiation Science and Engineering Center (RSEC) and the Malcolm and Carolyn
Wiener Laboratory for Near-Eastern and Aegean Dendrochronology at Cornell University. The project began when some preliminary experimental work using NAA of a tree sample divided into groups of 15 tree-rings indicated increased concentrations of gold in the sample corresponding to the eruption of Krakatoa. La, and 198 Au. In one tree 140 La was not detected consistently because it was present at or below the detection limits and Au was near the detection limits in all trees. Mn was detected but has a short enough half-life (2.6 hrs) that it had decayed away before the counting of each batch of samples was completed. All other elements were quantified well above the detection limits (Na, K, Br and Zn). The tree samples analyzed in this way and the average concentration results are provided in Table 1 .
Gold behaved uniquely compared to the other elements listed in Table 1 . Au showed no anomaly at the heartwood boundary (HWB) and has large peaks in single tree-rings 2 . The next step in the study was the analysis of four short lived tree samples (30-60 years in length) from the Catacik forest in Turkey. 6 The period of analysis which covered at least 1980-2002 corresponded to the availability of data from the Total Ozone Mapping Spectrometer (TOMS) including the dust aerosol index. These tree samples were analyzed according to the procedure above except for the following changes. Tree-rings were irradiated in batches of 20-30 rings and each ring was counted for two hours instead of one hour each. This decreased the Au detection limits so that it could reliably be identified even at the lower continuum values. Doing so also decreased the La detection limits so that it could be more reliably identified. In addition, the rings in each batch of samples were counted for 15 minutes each prior to beginning the 2-hour counts to allow for the identification of Mn in every sample. The four tree samples that were analyzed from the Catacik forest are listed in Table 2 . The first tree sample analyzed was C-TU-CAT32 with out the new irradiation procedure standards and analysis of this tree sample lead to the implementation of the new procedure. Large peaks in Au concentration were observed and each ring was reanalyzed with the new procedure to check the reproducibility of the gold peaks. The remaining three samples were analyzed with the new procedure described above. Tree Sample C-TU-CAT16
was divided in half lengthwise and each piece was cut into individual rings and analyzed separately. The results in Table 2 for C-TU-CAT16 are the average of the results from the two sections and C-TU-CAT32C. concentrations of these long-lived isotopes in C-TU-CAT32 and C-TU-CAT21 are presented in Table 3 . The Ag and Au concentrations in C-TU-CAT32 were correlated with each other and appeared to be correlated with the TOMS aerosol index over the forest in Turkey where the tree grew 6 . Ag and Au are the only elements that had the sharp peaks above the level of their continuums. It was hypothesized that the unique noble metal characteristics of these elements made them suitable for documenting events in the life of the tree. In particular, the Ag and Au compositions may have been documenting the severity and frequency of Mediterranean dust storms. Ag has a short lived isotope ( 108 Ag) which might be identified with short irradiations of tree rings. This study was pursued to determine if environmentally significant data, especially the concentration of Ag in tree rings, could be determined in a more efficient manner through short irradiations.
The Pneumatic Transfer System (PTS) allows samples to be sent from the NAA laboratory directly into the reactor core through a pneumatic tube and with a transfer time of about 5 seconds. A timer system provided by the reactor is set to the required irradiation time plus the 5 second travel time. At the end of the irradiation the sample is automatically returned to the hood in the NAA laboratory. With practice, it is possible to begin counting the sample 40-50 seconds after the sample leaves the core. The time between irradiation and counting is measured by hand with a stopwatch.
A sample of Pinus brutia identified as C-CY-RVA5 from Cyprus was analyzed using oneminute irradiations in the PTS. The empty vials were first labeled with a permanent marker and weighed. Individual tree-rings were then cut from the sample using a stainless steel knife chisel cleaned with alcohol and placed in the vials which were heat-sealed and re-weighed. Shortly before each run, sample vials were loaded into the rabbits for irradiation in groups of 25-35 at a time. With each batch of samples, one blank vial and the same sample of NIST standard Rice Flour were irradiated.
Results
The content of the blank vials were calculated using Instrumental NAA and the efficiency calibration at the bottom of the vial. The blanks, which were different each time, showed errors of about 20% for most isotopes at 1 σ. However, the errors in the Ar content were only about 13%. Polyethylene is notorious for its inconsistent composition and the other elements could be explained by actual differences in trace elements. In addition, each blank and sample vial was irradiated with a permanent marker label and the inconsistencies in the blank vials should include any errors introduced by the marker ink. For all elements except S, the errors introduced by the vials are minimal since the activity was much lower than that for the wood.
For the Rice Flour standard that was analyzed with each batch, the percent differences at one standard deviation ranged between 16-26% for most elements. The average concentration of each isotope in tree sample C-CY-RVA5 is given in Table 4 . The Ar all contribute significantly to the background under the Ag peaks. Due to the easily-activated Mn it is very difficult to design a better short irradiation scheme for identifying the Ag, making it a good candidate for use of a Compton Suppression System, also available at the RSEC. An example of a tree sample analyzed in the DITs and counted with and without
Compton suppression is shown in Figure 1 . Figure 1 . Gamma Spectrum of tree-ring irradiated in the DITs and counted with and without Compton Suppression.
In Figure 2 , the Cl concentration data have been fit with an exponential curve and the residuals have been normalized so that their standard deviation is equal to unity. The result clearly shows a peak in 1883 outside of the 3σ regime. This is also the year of the large Krakatoa eruption in Indonesia. The major problem seen with the short irradiations is the variability in the data. For most isotopes the concentration errors are expected to be about 25% at one standard deviation. This is slightly worse than the errors in the longer irradiations which was within 15-20% for most isotopes. It is believed that the majority of these errors come from errors in the measurement of the irradiation and decay times and from changes in sample height and therefore efficiency. It may be possible to reduce the errors considerably by addressing these issues.
Another interesting isotope identified was
For instance, measuring the height of each sample within the sample vial and adjusting the efficiency calibration appropriately may eliminate some errors. If each wood sample had the same height in the vial, the concentrations would be off by a constant factor. However, variations in the height of the wood will introduce relative errors above and beyond the errors in the NIST Rice Flour content. Error due to the efficiency calibration would be eliminated by considering the ratio of elements in each tree ring. Since oxygen plays an integral role in the organic structure of wood it may be appropriate to use this element as the denominator in any elemental ratios. Ashing or digesting may allow for a more consistent geometry between ring If all irradiation schemes are to be completed in sequence on a tree sample in order to achieve the full range of isotopic data available with NAA, it is advisable to begin analysis of samples with the short irradiations. Radio-chemical changes may be taking place during the long irradiations.
For instance, 28 Al goes through more than 100 half-lives during a 4 hour irradiation. Table 5 . 
Abstract
The dendrochemistry project at the Radiation Science and Engineering Center (RSEC) is part of an on-going study of ancient and historic trees from the Near-East and other places around the globe. In recent years dendrochemistry, or the compositional analysis of tree rings, has become a promising tool for recovering records of major climate change. In particular, dendrochemistry is especially promising as a method for dating past volcanic activities. Since trees grow one ring per year they record conditions of the soil and atmosphere in the corresponding ring. Volcanic eruptions are both interesting and important to document because of their large climatic and archaeological repercussions and the narrow time span over which they occur. The dendrochemical method employed for analysis at is Neutron Activation Analysis (NAA). This is a multi-elemental isotope-specific nuclear technique with up to parts-per-billion sensitivity. It is non-destructive so that tree-rings may be analyzed multiple times with different experimental parameters thus increasing the number of elements that may be identified in a single sample. At RSEC we are using Instrumental Neutron Activation Analysis (INAA) to achieve accurate and replicable quantitative results. Because of all these advantages, NAA is considered arguably the best analysis method available for the study of dendrochemistry.
Introduction
Trees in temperate zones grow one ring per year, forming an annual record or ring pattern that reflects climatic conditions. The widths of these rings are dependent on the quality of the yearly (1982) and Pinatubo (1991) . This report presents data from the Sequoia tree (tree sample PSWSEQ2) and four Catacik trees (tree samples CTUCAT16, CTUCAT32, CTUCAT21 and CTUCAT28).
In the past year a student in Nuclear Engineering finished a Masters degree titled "Neutron Activation Analysis of Dated Tree Rings" in which she evaluates the possibility of using dendrochemical data for dating volcanic activity. The hypothesis of her thesis, and other dendrochemistry work at the reactor, is that increased levels of environmental acidity caused by volcanic activity can result in greater solubility of metals in groundwater and subsequent uptake by trees. In particular, increased levels of gold in a tree-ring may indicate a period of volcanic activity. This student has continued with the dendrochemistry project and is currently working on her doctoral thesis along related lines.
A second master's student has been hired for the purpose of installing and evaluating a Compton Suppression System (CSS) for use of the dendrochemistry project. In the past year this system has been validated through comparison with NIST standards and other NAA systems already active at the facility.
Analysis
Dendrochemistry has been useful in the past for demonstrating the period and spatial extent of pollution events. Despite this promising work, the mechanism(s) which lead to correlation between uptake and element deposition/acidification have not yet been pinpointed. Many studies have shown that increased environmental acidity causes trees to increase uptake of some elements, especially metals, through the root system. Another major uptake path is through the leaves which would result from the direct deposition of material onto the tree. Both uptake mechanisms may be important when considering the effect of volcanic eruptions on tree uptake. This is because dust from volcanic eruptions often travels long distances before settling out of the atmosphere and sulfur particulates interact with water vapor to cause acid rain.
The mechanism for explaining the observed correlation between trace element uptake and changes in environmental chemistry is not known. For this reason, a good starting place for study is determining elements which appear to be important, or indicative of changes in environmental chemistry. Table 1 lists the isotopes that are commonly identified in tree-rings, their biological role and their typical concentrations. Isotopes which are important for biology of the tree (nutrients) are believed to be poor indicators of environmental change external to the tree. Often they have high mobility in the tree and therefore are not suitable for yearly resolution. However, nutrients may be important for identifying biological changes internal to the tree (such as the heart wood/sap wood boundary) that would otherwise be mistaken as an environmental event. It may be that information on environmental change will come from a comparison between nutrient and non-nutrient chronologies.
Originally, the RSEC dendrochemistry project focused on studying the concentration of gold in tree rings. This is because gold is uniquely suitable for NAA and because it is chemically similar to the plant nutrient copper. However, there may be other reasons why gold was a good choice for dendrochemical studies. Figure 1 shows the gold concentration plotted per year for four different long chronologies from trees across the globe. Three tree samples, CGRPPG4
(Greece), CTUKLK10 (Turkey) and CTUCAT14 (Turkey) were analyzed in previous years.
Tree sample PSWSEQ2 was taken from a Sequoia tree in California and was analyzed in [2005] [2006] . Some critics of dendrochemistry have proposed that the width of the sapwood would limit the time resolution of the data. Sapwood refers to the part of the tree that is still transporting nutrients, which usually corresponds to the outer five to twenty tree-rings. It is thought that even relatively immobile elements are transported across the width of the sapwood and this would smear any annual increase in element uptake. However, Figure 1 clearly shows large peaks in gold concentration that occur in single tree rings. This behavior is limited (for the most part) to concentrations of gold. In fact, gold is often called a "noble metal" because it is un-reactive under most circumstances. The fact that gold only becomes soluble under very specific conditions may explain the presence of yearly peaks in concentration. And, for this reason gold may provide an important key to understanding element uptake in trees.
In addition to the long tree chronologies shown in Figure 1 , four shorter tree samples from a single forest near Catacik, Turkey were analyzed. Figure 2 shows the isotope chronologies in tree samples CTUCAT16 and CTUCAT28. Because of the low concentrations of gold in these tree samples, the data have relatively poor statistics. The other isotopes that were identified have lower relative detectable concentrations and better statistics. However, many of these isotopes are plant nutrients and not of great interest by themselves. For this reason, tree-rings in the following two tree samples, CTUCAT32 ( Figure 3 ) and CTUCAT21 ( Figure 4 ) were counted three times each. In other words, following irradiation, each tree ring was counted initially for 15 minutes (to accurately measure the Mn concentration), counted again for 2 hours (to measure the usual isotopes included in Figure 2 ) and again for 1 day to measure the concentrations of long-lived isotopes. Although the final procedure is lengthy, it resulted in additional information of at least 7 isotopes including Cs-133, Ag-109, Co-59, Zn-69, Fe-58, and Sc-46, Sb-125 and Cr-51.
In Figures 3 and 4 it is easy to see that in general the non-nutrient isotopes do not follow the same general pattern as the nutrients. In particular, the gold concentration in CTUCAT32C
( Figure 3 ) shows gold concentration peaks that are more than one order-of-magnitude in size in the years 1980, 1985 and1990. Recent analysis, which is only preliminary, indicates that these peaks may be related to the intensity and frequency of African dust storms over the Mediterranean Sea. Another interesting point is that silver, another noble metal, is the only isotope that roughly follows the gold concentration, and certainly the only other isotope to show peaks of this magnitude. Again, the related chemistries of gold and silver may be providing an important clue about the uptake mechanisms of trees and ultimately, environmental change.
Isotope

Biological Role Concentration
Na-23 macronutrient Table 1 . Isotopes consistently identified in tree -rings, their biological role and typical concentrations. The biological role of individual isotopes prob ably effects the trends in their concentrations through out the tree. The major gamma -ray decay energies used to identify each isotope are also included.
Conclusions
The dendrochemistry project at the Radiation Science and Engineering Center has been successfully implemented over the past several years. The experimental results and the discussions of these results are given in the progress report submitted each year for last three years. Several conclusions were drawn. The summary of some of these conclusions can be given as follow:
Four long chronology and four short chronologies have been analyzed for several isotopes and an additional long chronology is currently undergoing analysis. Recent data have allowed us to postulate ideas about tree biology and chemistry that can be tested in future years. In addition, the technique of obtaining multi-isotopic data with low detection limits and high accuracy through Neutron Activation Analysis was improved to achieve better results. Serial use of each irradiation scheme would allow for all 24 isotopes to be identified in a singletree sample.
For NAA of tree-rings, short irradiations in the Pneumatic Transfer System (PTS) were an efficient method of identifying a wide range of elements. It is recommended that analysis of any tree sample start by using the PTS. Any further analysis of the tree sample may then be guided by the isotopic information that it would provide. Due to the nature and number of short-lived isotopes identified, a schedule of short irradiations with the (PTS) has been chosen as the recommended irradiation scheme. Reducing the errors in the data would make it possible to identify small scale true variability in the tree-rings which may be relevant to environmental conditions.
